CHICAGO, ILLINOIS
I N A preliminary note, we reported that low temperature treatment of frogs after total-body exposure to x-rays greatly prolongs their survival (I). The present studies were initiated to determine: I) whether this altered radiosensitivity is due to a decrease in the rate of development of radiation injury or actually reflects a more rapid and complete recovery from the effects of irradiation and 2) whether body temperature during exposure influences the radiation reaction. Since the overt response of the frog, a poikilotherm, to x-radiation appears to be rather similar in many respects to that observed in the mammal, it was thought that these studies might be of practical as well as theoretical interest.
METHODS
Male frogs (Rana pipiens) weighing 20 to 30 gm. were housed in stainless steel or glass aquaria provided with platforms to enable them to remain in or out of water. The stock animals were kept in a constant temperature room (22O-23OC.) and were not fed during the experiment. Each shipment of frogs was observed for 2 to 4 weeks before irradiation and those animals obviously in poor condition were discarded. In spite of all precautions, some deaths occurred from time to time among the stock animals. To control this spontaneous mortality, nonirradiated frogs were observed along with their irradiated members in each experiment. Moreover, in each experiment the various conditions of temperature were evaluated on groups of animals received at the same time.
Frogs were irradiated in a circular cell of perforated aluminum divided into IO radially arranged individual compartments. The exposure box was rotated slowly on an electrically driven turntable to assure equal irradiation of all the animals. The radiation factors were: 200 kv.; 15 ma.; 0.5 mm. Cu. and 3.0 mm. bakelite filters; target distance 45 cm.; dose rate 45-50 r/min., total dose IOOO to go00 r.
For irradiation at different body temperatures, the exposure box was fitted into the inner chamber of a cylindrical constant temperature cell. Water or ice was placed in the concentric outer chamber to achieve the desired ambient temperature. Except for the lucite top of the inner chamber through which the x-ray beam was directed, the entire cell exterior was insulated with rock wool. Air temperature of the inner chamber did not vary by more than =~I"C. from the beginning to the end of an exposure. Frogs were placed in the constant temperature exposure cell two hours before irradiation.
Rectal temperature measurements made with copper-constantan thermocouples revealed that this interval was sufficient to assure body and ambient temperature equilibrium, with the former usually some few tenths of a degree centigrade above the latter. Animals which were kept at low temperatures after x-irradiation were placed in large refrigerators equipped with special thermostats.
Survival was the major criterion of radiation effect. In a pilot series, the radiation-induced changes in blood cell counts and in the histopathology of certain tissues were also compared under different conditions of temperature. Hematological data were obtained in frogs given 3000 r at 23OC. subsequently kept at 5°C. for 28 days and then returned to 23OC. Counts were made at weekly intervals on three frogs in each experimental group. Comparison was made with appropriate controls.
RESULTS
Toxicity data for animals maintained at different ambient temperatures after exposure to various roentgen doses delivered at 22' to 23' C. are summarized in table I. The prolonged survival with low-temperature treatment is clearly evident even for a radiation dose (gooo r) which is almost nine times the completely lethal dose. Some 80 to go per cent of the animals kept at so C. for three to four months after irradiation survive a dose (3000 r-6000 r> which kills all frogs at 22O C. within two to five weeks. However, when the former are removed from the cold even after OC.
-- 1 All animals were irradiated at 23OC. observed at 13 weeks.
2 Only 30 of the original group of 58 animals were prolonged periods, death ensues. The time for 50 per cent lethality at 23' C. after varying periods of low-temperature treatment is presented in figure I. It will be noted that ultimate toxicity is not influenced significantly by keeping frogs at 5' to 6' C. for 60 days after IOOO r, 75 days after 3000 r and 130 days after 6000 r. Mortality of the nonirradiated temperature controls averaged only 5 to IO per cent over these intervals. Inspection of figure 2 reveals that the survival curve for the IOOO T frogs after their removal from low temperature is identical with that obtained for similarly exposed animals without cold treatment. Similar results were observed in the 3000 r and 6000 r groups.
The ambient temperature at which frogs are x-irradiated is clearly without effect on survival ( fig. 2) .
Similar responses are obtained in the groups exposed to IOOO r at I' to 3' C. and at 21' to 23' C. Combining low temperature during exposure to IOOO r and for the first 24 hours after exposure likewise does not influence toxicity. Percentage survival and the mean survival time are also not altered appreciably when frogs are irradiated with 3000 r at 5' C., 12~ C., 21' C. and 32' C. (fig. 3) .
When the blood counts of irradiated frogs are expressed as percentage changes from their respective temperature controls, no definite trends are discernible in red cell number. Blood platelets tend to decrease (6th day), then increase (13th and ture effect is in the total white cell count, which decreases to a lesser extent in the irradiated frogs kept at low temperature. Yet, when the cold-treated animals are returned to room temperature after 28 days, their leukocyte count is depressed and reaches a low level comparable to that seen in the nonrefrigerated group ( fig. 4) . hours in the animals kept at room temperature, and at 24 and 48 hours there is no appreciable difference in these animals from the nonirradiated temperature controls.
DISCUSSION
There is evidence which suggests that the radiosensitivity of tissue may be dependent upon certain aspects of its activity.
An increase in growth rate, cell division, respiratory activity, blood flow etc., induced by temperature, drugs and other experimental manipulation, is said to enhance susceptibility to radiation under certain conditions (2) (3) (4) (5) (6) (7) (8) .
On the other hand, a change in cell environment can also alter the response to ionizing radiation independently of a change in the number of dividing cells and of oxygen consumption, or can even fail to influence sensitivity though growth rate and metabolic activity are greatly diminished (5, 9) .
The eggs of Ascaris and Drosophila and the skin of young rats irradiated at low amb ient temperature are more resistant than those at high temperature (2, 4, 6) . The reverse is true for the broad bean root and for mouse tumor tissue (9, 10). Radiosensitivity of low temperature (5 seedlings and of thymic cell suspensions is not affected bY When chick embryos and Ascaris eggs are maintained at low temperature after exposure, radiation injury is delayed in the former and apparently repaired in the latter (12, 13) .
Similar experiments with the broad bean root, Ascaris eggs and thymic cell suspensions, in which desiccation, an oxygen-poor environment and low temperature respectively were utilized to decrease cellular activity after irradiation with gamma and x-rays, reveal that there is no appreciable recovery under these conditions (14, II) .
Many of these findings are difficult to reconcile solely on the basis of differences in the test objects and in the criteria of radiation effect employed and are perhaps indicative of the complexity of radiation reactions.
Survival of frogs is not influenced by altering their body temperature during and/or for the first 24 hours after x-irradiation.
Similarly, we noted in other periments that toxicity was unchanged when the oxygen consumption of frogs depressed jection of exwas by some 50 per cent during exposure to x-rays as a result of a prior inpotassium cyanide (I 5). Survival is greatly enhanced, however, as long as the frogs are kept sensitivity in the cold at low temperature is due apparently to continuously after irradiation. Altered a decrease in the rate of development of radiation recovery.
damage (prolongation of the latent period) rather than to any appreciable When the animals are removed from the cold after a prolonged period, there is no change in absolute survival nor any clear difference in the time course of deaths from that observed in irradiated animals maintained at 23' C. Additional evidence in support of this interpretation is presented in the hematologic and histologic findings in the few frogs in which these determinations were made.
We may conclude from these studies in frogs that the primary reactions occurring during exposure to ionizing radiation, which initiate the changes leading to morbidity, are independent of body temperature over a wide range and are apparently physical or photochemical in nature. The changes incidental to irradiation (secondary reactions) are, however, temperature sensitive. Yet, modifying the rate of these secondary reactions by depressing body temperature for prolonged periods is without effect on the final outcome. This suggests that the mechanisms concerned with recovery may, likewise, have a high temperature coefficient.
SUMNARY
Toxicity is not influenced by altering the body temperature of frogs during and/or for the first 24 hours after total-body x-irradiation with IOOO r and 3000 r. Survival is greatly enhanced, however, as long as the animals are kept in the cold (~'-6" C.) continuously after the exposure. This altered sensitivity is due apparently to a decrease in the rate of development of radiation damage (prolongation of the latent period) rather than to any appreciable recovery. When the animals are removed from the cold after periods of 60 to 130 days, there is no change in absolute survival nor any clear difference in the time course of deaths from that observed in irradiated animals maintained at 23' C. These findings indicate that the metabolic level during exposure does not influence the overall radiation reaction in frogs and that the primary process of radiation damage is not repaired in the metabolically depressed animal.
